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Introduction {#sec001}
============

Ingestion of plants is one of the mysteries in felid ecology because of their inability to properly digest plant matter \[[@pone.0236635.ref001],[@pone.0236635.ref002]\]. Although felids are strict carnivores \[[@pone.0236635.ref003]\], plant ingestion is a conserved behavioral trait among felid species, which has been observed in both captive and free-ranging conditions \[[@pone.0236635.ref004]--[@pone.0236635.ref009]\]. Moreover, empirical studies showed that cellulose, a structural component of plant cell walls, reduced the digestibility of dry matter in Amur leopard cat (*Prionailurus bengalensis euptilura*) and Turkmenistan caracal (*Caracal caracal michaelis*) \[[@pone.0236635.ref010]\] and energy in domestic cat (*Felis silverstris catus*) \[[@pone.0236635.ref011]\]. Given that plant ingestion is biologically costly, there should be an adaptive significance to this behavior that compensates for the potential costs. However, no reports have investigated the adaptive significance of plant ingestion in felids.

There are three hypotheses that may explain the adaptive significance of plant ingestion in felids. First, a study on leopard cats (*Prionailurus bengalensis*) suggests the food source hypothesis, which proposes that plants have some nutritional value for them \[[@pone.0236635.ref012]\]. This hypothesis is based on the fact that scat samples of leopard cats in southwest China contained DNA of *Solanum* and *Rosoideae* species that produce berry fruits that are rich in sugar and nutrients \[[@pone.0236635.ref012]\]. However, the food source hypothesis may not always apply to felids, as they frequently consume grass or leaves \[[@pone.0236635.ref007],[@pone.0236635.ref013],[@pone.0236635.ref014]\], which should be less nutritional than fruits. Second is the self-medication hypothesis: Hart \[[@pone.0236635.ref015]\] suggests that dogs use plant materials for self-medication to expel parasites or treat inflammation; this was particularly common in young individuals, which are less immune to intestinal parasites. However, this self-medication effect has not been verified in dogs or cats. The third hypothesis suggests that plant intake is related to hair evacuation \[[@pone.0236635.ref016]\]: hairballs prevent digestion and they must not fill the digestive tract \[[@pone.0236635.ref017]\]. Felines often ingest their own hair while grooming, as well as the hair of their prey items while eating. Felids evacuate hair through vomiting or expelling as scat. Although it is thought that ingested plants aid in excreting hairballs \[[@pone.0236635.ref018]\], there is still no empirical evidence of this. Therefore, the hair evacuation hypothesis has yet to be tested conclusively.

Snow leopards (*Panthera uncia*) is an endangered cat species that live in high altitude regions (1,220 to \> 5,000 m) of Central Asia \[[@pone.0236635.ref019]\], designated as VU (vulnerable) in the IUCN Red List of Endangered Species \[[@pone.0236635.ref020]\]. Bharal (*Pseudois nayaur*) and Siberian ibex (*Capra sibirica*) are primary prey species of snow leopards \[[@pone.0236635.ref021]\]; their ranges almost entirely overlap with that of snow leopards \[[@pone.0236635.ref022]\]. Large portions of snow leopards' natural habitat are devoid of tree cover, given the predominance of alpine and desertic climate conditions in their natural range. The vegetation in their range varies from scrubland and desert to forest-alpine ecotones \[[@pone.0236635.ref021]\]. The presence of plant material in snow leopard scat has been reported in several research areas, despite the relatively low abundance of vegetation across their habitat \[[@pone.0236635.ref023]--[@pone.0236635.ref028]\]. For example, it was reported that plant materials occurred in 62% of scat samples collected in Phu valley, Nepal. In some cases, scat content consisted almost entirely of plants \[[@pone.0236635.ref029]\]. Snow leopards also have longer and denser hair than other felids as an adaptation to life at high altitude \[[@pone.0236635.ref030]\], which indicates a relatively high frequency of hair ingestion through grooming and thus, a correspondingly frequent evacuation. Based on the above characteristics, we chose snow leopards as a suitable felid species for which to investigate the effects of plant ingestion and hair evacuation.

In this study, we tested the hair evacuation hypothesis in captive snow leopards, through behavioral observations and scat analysis. Behavioral observations examined the frequency of plant ingestion and vomiting to identify the potential effect of plant intake on vomiting. We collected scat samples and measured the amount of plants and hair and examined their statistical relationship. Together, these analyses provide quantitative evidence to test the hair evacuation hypothesis.

Methods {#sec002}
=======

Management of the captive snow leopards in this study followed the Code of Ethics of the Japanese Association of Zoos and Aquariums. Sampling procedures were noninvasive and approved by each zoos and Animal Experimentation Committee of Wildlife Research Center of Kyoto University. This study complied with applicable national laws.

Animals {#sec003}
-------

The subject animals were 13 snow leopards (7 females, 6 males) kept in zoos in Japan. All individuals were housed separately when inside. Basically, six snow leopards (Female 1--3, Male 1-3) at Tama Zoological Park used two outdoor enclosures one by one, although Female 3 and Male 3 (mother and cub) used the enclosure at the same time in 2018 only. Female 4 and Male 4 at Kobe Oji Zoo used the outdoor enclosure at the same time. Female 5 and Male 5 at Sapporo Maruyama Zoo, Female 7 and Male 6 at Nagoya Higashiyama Zoo and Botanical Gardens also used the same enclosures one at a time. Information about the animals is presented in [Table 1](#pone.0236635.t001){ref-type="table"}. Depending on the zoo, all snow leopards were fed mainly horseflesh, chicken breast meat, and/or chicken bone. In general, their food was provided every day except on weekly fasting days. At Tama Zoological Park, snow leopards were fed whole rabbits once a week, and a bundle of straw for play was given to them on three days during the observation period in 2019. Plants were not provided as food at any zoo, however, all individuals except Female 7 and Male 6 were able to access plants in outside enclosures for at least one hour every day.

10.1371/journal.pone.0236635.t001

###### Focal invidivual characteristics.

![](pone.0236635.t001){#pone.0236635.t001g}

  Individual ID   Name       Sex      Age at study   Location
  --------------- ---------- -------- -------------- -----------------------------------------------------------------
  Female 1        Asahi      Female   8              Tama Zoological Park
  Female 2        Mirucha    Female   11             
  Female 3        Mimi       Female   10             
  Male 1          Valdemar   Male     14             
  Male 2          Kovo       Male     5              
  Male 3          Fuku       Male     1              
  Female 4        Yukko      Female   10             Kobe Oji zoo
  Male 4          Fubuki     Male     2              
  Female 5        Sizim      Female   9              Sapporo Maruyama zoo
  Male 5          Akbar      Male     14             
  Female 6        Supica     Female   14             Omuta city zoo / Kumamoto City Zoological and Botanical Gardens
  Female 7        Rian       Female   9              Nagoya Higashiyama Zoo and Botanical Gardens
  Male 6          Yukichi    Male     10             

Age at study is age at the time of the latest study.

Behavioral observation and scat analysis {#sec004}
----------------------------------------

The behavioral observation was conducted on 11 individuals. Focal animals were observed directly and/or on video while they were in the outside enclosure and their behavior was continuously recorded. Behavior (move, rest, search, marking, plant eat, play, other) was recorded based on Freeman 1974 \[[@pone.0236635.ref031]\]. Plant-eating behavior was recorded only when it was certain that they had plants that were growing in the enclosures in their mouths and bite wooden structures (e.g., benches). Since their behavior appears to be unusual during scorching weather or heavy rain, the data from approximately 19 hours (4.5% of total observation) was excluded from the analysis. Behavior bouts were defined as the same bout if a behavior was resumed in 30 seconds and no other behavior (except for move, stand, and rest) was observed. The frequency of plant-eating of each individual was calculated as bouts/hour during each observation period.

The collection of scat samples was conducted for 10 individuals (Male 1, 2, and 3 were excluded). Whole scats were basically collected every day during the sampling period and stored in airtight plastic bags at -20 degrees until analysis. Scat excreted at one time was treated as one sample. Each sampling period was 10 to 14 days in a row. The behavioral observation was conducted simultaneously when possible, to distinguish scat samples and determine the order if several individuals used the same enclosure in one day or if they defecate more than once in the outside enclosure.

When it was not apparent which individual a scat was from at Kobe Oji Zoo or Nagoya Higashiyama Zoo and Botanical Gardens, we used fecal DNA to identify the sex because individuals using the same enclosure were different sexes. DNA analysis used primers from Sugimoto *et al*. 2006 \[[@pone.0236635.ref032]\]. The same procedure was repeated three times and the sex was determined only when the result was consistent.

The scat samples were freeze-dried overnight (FDU-1200, EYLA, Tokyo), then weighed, and 0.10--0.50 g of powdery parts from each dried fecal sample were removed for other analysis if possible. The rest of the sample was then washed in tap water with 1 mm mesh to pick out undigested matters, hair, plants including pieces of wooden benches and other material (e.g., gravel). The contents from each sample were packed in airtight plastic bags, then freeze-dried overnight and weighed. Scat samples collected in Tama Zoological Park that included rabbit hair, bone or straw were excluded from the analysis to minimize the differences between captive conditions. When deciding the order of scat samples, samples lighter than 5 g in dried weight (DW) were not counted because at times the same individual defecated several times within a few hours and the small samples were considered as a portion of a larger scat sample.

Data analysis {#sec005}
-------------

Data were analyzed using Microsoft Excel (Microsoft, Tokyo), and R software (version 3.6.1., R foundation for Statistical Computing 2019) \[[@pone.0236635.ref033]\].

To test the quantitative relationship among scat sample contents, the amount of plant matter in a scat sample, the amount of plant matter contained in the scat sample evacuated before hair was excreted, and the amount of plant matter contained in the scat sample evacuated after hair was excreted were set as fixed effect ("s-plant", "b-plant", "a-plant") and the amount of hair in the scat sample was set as the objective variable ("hair"). The amounts of plant matter contained in scat samples evacuated before or after hair was excreted were added as variables to consider the possibility that the transition rate of the plant materials and hair could be different. The gamma distribution was selected because the objective variable was continuous and should not have a negative value. Thus, a generalized linear model (GLM) and a generalized linear mixed model (GLMM) with gamma distribution and identity link function was applied. Sampling unit was set as random effect ("individual_period") in GLMMs. Each of the three variables was applied one by one ([Table 4](#pone.0236635.t004){ref-type="table"}, Table A in [S1 File](#pone.0236635.s002){ref-type="supplementary-material"}), resulting in three one-variable models. To use gamma distribution, when the amount of hair was zero, the value was replaced with 0.0001 based on the roundoff error 0.0005 \[[@pone.0236635.ref034],[@pone.0236635.ref035]\] in six samples.

Bayesian estimation by "rstanarm" package version 2.19.2 was used to estimate the coefficients of the models. Normal distribution with a mean of zero was used prior because either a positive or negative estimate was allowed, and the sample sizes were small. We ran four independent Markov chains of each model. All iterations were set to 5,000 and the burn in samples were set to 2,500. The value of Rhat for all parameters was equal to 1.0, indicating convergence across the four chains \[[@pone.0236635.ref036],[@pone.0236635.ref037]\]. We concluded that the estimate was significantly different from zero if the 95% CI range did not stride over zero.

Results {#sec006}
=======

Plant-eating and vomiting {#sec007}
-------------------------

Behavioral observation was conducted for a total of 417 hours from September 2018 to October 2019, and 398 hours were used for the analysis. Plant-eating behavior was observed in 10 out of 11 individuals. This behavior was most frequent in Male 3 (1.19 bouts/hour) and least frequent in Female 6 (0.06 bouts/hour) ([Table 2](#pone.0236635.t002){ref-type="table"}). The longest bout continued for 6 minutes 55 seconds (Male 3), while the shortest bout was only 2 seconds (Male 4). In each individual, these plant-eating behaviors were observed on several days. Vomiting was observed just once in Female 2 and Female 3 and twice in Male 3.

10.1371/journal.pone.0236635.t002

###### Plant-eating and vomiting behavior of snow leopards observed in zoos in Japan.

Mean bout length of plant-eating with standard deviation (±SD).

![](pone.0236635.t002){#pone.0236635.t002g}

  Location                                         Individual                    Observation period              plant eat (bout)   Vomit (bout)   observed time (h)   Frequency of plant eat (bout/h)   Bout length of plant-eating (min)
  ------------------------------------------------ ----------------------------- ------------------------------- ------------------ -------------- ------------------- --------------------------------- -----------------------------------
  Tama Zoological Park                             Female 1                      Sep 22, 2018 to Dec 2, 2018     23                 0              22.9                1.00                              1.0 ± 0.9
  Female 2                                         3                             0                               26.5               0.11           0.7 ± 0.7                                             
  Female 3                                         14                            0                               38.8               0.36           0.3 ± 0.2                                             
  Female 1                                         Oct 4, 2019 to Oct 16, 2019   15                              0                  19.8           0.76                0.7 ± 0.6                         
  Female 2                                         10                            1                               15.5               0.65           0.4 ± 0.6                                             
  Female 3                                         10                            1                               26.5               0.38           0.5 ± 0.6                                             
  Male 1                                           Sep 22, 2018 to Dec 2, 2018   0                               0                  8.8            0.00                \-                                
  Male 2                                           25                            0                               30.4               0.82           0.9 ± 0.8                                             
  Male 3                                           29                            2                               24.3               1.19           1.0 ± 1.5                                             
  Kobe Oji Zoo                                     Female 4                      May 22, 2019 to Jun 4, 2019.    8                  0              105.7               0.08                              1.7 ± 1.6
  Male 4                                           9                             0                               105.3              0.09           0.7 ± 0.5                                             
  Sapporo Maruyama Zoo                             Female 5                      Sep 10, 2019 to Sep 23, 2019.   10                 0              21.6                0.46                              1.1 ± 1.1
  Male 5                                           10                            0                               20.8               0.48           0.9 ± 0.8                                             
  Kumamoto City Zoological and Botanical Gardens   Female 6                      Aug 1, 2019 to Aug 14, 2019.    2                  0              36.3                0.06                              1.4 ± 0.2

Plant-eating and hair evacuation in scat samples {#sec008}
------------------------------------------------

In total 192 scat samples were collected from 8 individuals that were kept in enclosures with plants. Three samples from Tama Zoological Park were not used because they were mixture of several scats. Samples that were lighter than 5 g in dried weight were excluded (*n =* 17). Dried weight data was not available for five of the scat samples from Female 5; however, three samples were still included because total dried weight of scat contents was over 5 g. Live prey (rabbit) and straw were only provided at Tama Zoological Park, so samples that contained rabbit bones and hair or straw were also excluded (*n* = 23). This left 147 samples that were included in the analysis. Of the 147 samples, 141 samples (96%) contained snow leopard hair and 95 samples (65%) contained plant matter. As shown in [Fig 1](#pone.0236635.g001){ref-type="fig"}, plants were evacuated in an undigested state. Additionally, 14 scat samples from Female 7 and 15 samples from Male 6 were collected. These two were kept in enclosures without plants but four samples from Male 6 contained pieces of wood from the wooden bench. One sample from Female 7 that was lighter than 5 g was excluded. The results of sex identification were not consistent in three samples thus we didn't use them in the study. Dried weight of scat, and the amounts of hair and plants included in scat samples are presented in [Table 3](#pone.0236635.t003){ref-type="table"}.

![Hair and plant collected from snow leopard scat sample.\
Example of a) hair and b) plants collected from one scat sample.](pone.0236635.g001){#pone.0236635.g001}

10.1371/journal.pone.0236635.t003

###### The mean total hair and plant amounts (g, dried weight) contained in scat samples (mean ± SD).

![](pone.0236635.t003){#pone.0236635.t003g}

  Location                                         Individual                     Sampling period                 Sampling unit     Hair in scat (g)   Plant in scat (g)   Scat weight (g)
  ------------------------------------------------ ------------------------------ ------------------------------- ----------------- ------------------ ------------------- ----------------------------------------------------
  Tama Zoological Park                             Female 1                       Oct 4, 2019 to Oct 16, 2019.    f1 (*n =* 8)      0.53 ± 0.47        0.10 ± 0.11         37.67 ± 20.11
  Female 2                                         f2 (*n =* 7)                   1.19 ± 2.49                     0.03 ± 0.04       26.72 ± 19.83                          
  Female 3                                         f3 (*n =* 11)                  2.41 ± 1.40                     0.04 ± 0.02       22.17 ± 9.69                           
  Male 1                                           No data                                                        No data           No data            No data             
  Male 2                                                                                                                                                                   
  Male 3                                                                                                                                                                   
  Kobe Oji Zoo                                     Female 4                       Aug 24, 2018 to Sep 5, 2018     f4_1 (*n =* 12)   2.80 ± 2.12        0.35 ± 0.31         45.51 ± 19.12
  May 22, 2019 to Jun 4, 2019.                     f4_2 (*n =* 18)                2.30 ± 1.65                     0.05 ± 0.12       50.17 ± 29.59                          
  Aug 26, 2019 to Sep 4, 2019.                     f4_3 (*n =* 13)                1.45 ± 1.15                     0.05 ± 0.08       41.60 ± 16.95                          
  Male 4                                           May 22, 2019 to Jun 4, 2019.   m4_1 (*n =* 11)                 3.73 ± 3.47       0.03 ± 0.13        35.16 ± 11.51       
  Aug 26, 2019 to Sep 4, 2019.                     m4_2 (*n =* 9)                 1.20 ± 0.90                     0.23 ± 0.26       34.31 ± 10.87                          
  Sapporo Maruyama Zoo                             Female 5                       Sep 10, 2019 to Sep 23, 2019.   f5 (*n =* 16)     1.28 ± 0.83        0.10 ± 0.12         27.05 ± 11.96[\*](#t003fn001){ref-type="table-fn"}
  Male 5                                           m5 (*n =* 17)                  0.16 ± 0.14                     0.14 ± 0.13       34.98 ± 18.54                          
  Omuta city zoo                                   Female 6                       Jul 20, 2018 to Aug 2, 2018.    f6_1 (*n =* 13)   3.36 ± 1.95        0.12 ± 0.14         25.39 ± 6.59
  Kumamoto City Zoological and Botanical Gardens   Female 6                       Aug 1, 2019 to Aug 14, 2019.    f6_2 (*n =* 12)   1.60 ± 0.75        0.07 ± 0.09         37.67 ± 14.31
  Nagoya Higashiyama Zoo and Botanical Gardens     Female 7                       Mar 2, 2020 to Mar 11, 2020     f7 (*n =* 13)     1.85 ± 1.61        0.00 ± 0.00         40.81 ± 23.34
  Male 6                                           m6 (*n =* 15)                  1.41 ± 1.29                     0.06 ± 0.14       34.76 ± 20.94                          

\*Data was not available for three samples.

The scatter plot shows the relationship between the amounts of hair and plant included in scat samples ([Fig 2](#pone.0236635.g002){ref-type="fig"}). Hairs were evacuated in scat samples regardless of the presence or absence of plants. Following analyses were conducted on individuals, except Female 7 because there were no plants growing in the enclosures at Nagoya Higashiyama Zoo and Botanical Gardens and no plant was collected from its scats. In either dried weight of hairs or plants, significant difference was obtained among sampling units (i.e. individuals and/or sampling periods) (hair; *p* \< 0.001, plant; *p* \<0.001, respectively, Kruskal--Wallis rank sum test). Thus, we set "individual_period" as a random effect when creating the generalized linear mixed models (GLMM). Prior to modeling for the estimation of the quantitative relationship between amounts of plants and hairs evacuated, we removed scat samples if the defecation order of samples was not clear. When data of the previous or next scat sample was not available, they were also excluded. A total of 107 samples were used in this analysis. To consider the possibility that the transition rate of plant materials and hair will be different, three variables (the amount of plant contained in the same scat sample, and in the samples evacuated before and after hair was excreted) were set as fixed effects (Fig in [S1 File](#pone.0236635.s002){ref-type="supplementary-material"}). The estimated coefficients of fixed effects in each of the one-variable models are shown in [Table 4](#pone.0236635.t004){ref-type="table"}. None of the three variables were significantly different from zero ([Table 4](#pone.0236635.t004){ref-type="table"}). In order to find out if there was a sampling unit that had a relationship between hair and plant in the scat sample, we constructed generalized linear models for each sampling unit. However, irrespective of sampling unit, the estimated coefficients of three variables were not significantly different from zero (Table A in [S1 File](#pone.0236635.s002){ref-type="supplementary-material"}).

![Total dried weight of plant and hair contained in snow leopard scat samples.\
White, black and gray represent the first, second, and third sampling period, respectively. For the details of the individuals, see [Table 3](#pone.0236635.t003){ref-type="table"}.](pone.0236635.g002){#pone.0236635.g002}

10.1371/journal.pone.0236635.t004

###### The effect of plants on the amount of hair in the scat sample, as estimated by GLMM (Bayesian estimation).

Coefficients with SD.

![](pone.0236635.t004){#pone.0236635.t004g}

  Models            Model 1                                            Model 2                                                                          Model 3
  ----------------- -------------------------------------------------- -------------------------------------------------------------------------------- -------------------------------------------------------------------------------
  Fixed effect      The amount of plant contained in the same sample   The amount of plant contained in the sample evacuated before hair was excreted   The amount of plant contained in the sample evacuated after hair was excreted
  Estimate (± SD)   0.685 ± 0.974                                      0.852 ± 0.901                                                                    0.673 ± 1.105
  95% CI range      -0.970--2.869                                      -0.639--2.938                                                                    -1.142--3.255

Discussion {#sec009}
==========

The results of this study confirm that captive snow leopards eat plants fairly frequently and this behavior did not induce vomiting. Together with findings from reports of plant containment in snow leopard scat \[[@pone.0236635.ref027],[@pone.0236635.ref029]\], our results suggest that plant-eating is a normal behavior for this species, both in the wild and in captivity. Therefore, growing plants in captive snow leopards' enclosures might be more suitable to bring out their natural behavior in captivity, contributing to the enrichment and thus improving their welfare.

In scat samples, the amount of hair did not increase in relation to the amount of plants ingested and there was no quantitative relationship between them. Therefore, we conclude that ingested plants do not have an immediate function to evacuate hair. Our data clarified that the traditional hypothesis that ingested plants help to excrete hairballs is not necessarily credible.

In the wild, snow leopards move daily across long distances \[[@pone.0236635.ref021]\] (e.g., 12 km/day in Mongolia \[[@pone.0236635.ref038]\]). Their broad home range and rugged habitat make it difficult to observe their natural behavior and hinder our ability to consistently collect scat samples from the same individual. Studies on captive individuals have enabled detailed observations of this plant-eating behavior, allowing continuous sampling to test this relationship with a time difference. This study further demonstrates the importance of studying captive individuals to understand wildlife.

We observed plant-eating behavior in all but one of the snow leopards ([Table 2](#pone.0236635.t002){ref-type="table"}), despite daily feeding for the study duration. Hoppe-Dominik \[[@pone.0236635.ref008]\] suggested that leopards (*Panthera pardus*) intentionally eat grass during periods of prolonged starvation to keep their digestive system functioning. However, our results indicate that plant-eating is also common in well-fed captive snow leopards. Contrary to the frequent plant-eating, we rarely observed vomiting. The frequency was not consistent with that of plant-eating, thus we conclude that snow leopards did not eat plants to promote vomit hairballs through stimulation of the throat or stomach. According to an internet survey targeting the owners of plant-eating dogs, only 22% of the dogs frequently vomit after eating plant materials, thus they concluded that plant-eating is not related to vomiting \[[@pone.0236635.ref039]\].

In this study, hairs were evacuated in scats, regardless of the presence or absence of plants in the enclosures. Also, the amount of hair and plant in scat samples were varied among individuals and/or sampling terms, indicating individual differences and/or differences between sampling periods in the amount of hair and plants within the enclosures. The length of coat hair of snow leopards is reported to differ with the seasons \[[@pone.0236635.ref040]\]. Additionally, depending on the season and the zoo, the abundance and composition of vegetation within the enclosures appeared to vary. This might have caused the individual differences in hair and plant matter in the scat samples. When creating the GLMM, the difference between individual and/or sampling period was taken into consideration. Still, the results revealed that all three variables did not have significant effects on the amount of hair contained within a scat sample. Furthermore, the amount of plant matter in scat samples had no significant relationship with the amount of hair, regardless of time difference. Although we cannot rule out a causative relationship between the amount of plant in scat and hair evacuation, this study was the first to provide evidence that plant matter in scat had no quantitative effect on hair evacuation.

In this study, we used captive snow leopards to obtain continuous data to estimate the relationship between plant ingestion and hair evacuation over a period of time. However, captive animals might ingest much less hair from their diet than in the wild because they are mainly fed meat as opposed to live prey. Therefore, we should note that the effect of plant intake may be underestimated due to the lack of prey hair ingestion. Also, plant composition was different from their wild habitat. In some habitats, it was reported that many scats of snow leopards contain *Myricaria* \[[@pone.0236635.ref027]\], but snow leopards also intake other plant species including grasses in other habitats \[[@pone.0236635.ref041]\]. Although in this study we let snow leopards voluntarily select when and which plant to eat, there was a chance that the effect of plant intake was not detected because the plant species they ate in zoos did not have the required traits.

As stated in introduction, several factors are expected to make strict carnivores eat plants. Our study tested one hypothesis about the adaptive significance of plant-eating in strict carnivores for the first time. We confirmed that snow leopards voluntary and frequently eat plants. However, our results did not support the hair evacuation hypothesis, therefore the advantage of plant intake for snow leopards is still unclear. Further studies are required to evaluate the effects of plant intake not only on physical aspects but also on chemical aspects such as antibiotic compounds. Information about the plant species that snow leopards use in the wild may provide a novel hypothesis to be tested. Another area of research that requires further investigation would be to identify the driving factors of carnivore plant consumption in the wild. Although carnivores are known to be indifferent to sugars, as demonstrated by a study on domestic cats that revealed a lack of sweet taste receptors \[[@pone.0236635.ref042]\], other flavors (e.g., bitter taste), olfactory clues \[[@pone.0236635.ref043]\], or plant texture \[[@pone.0236635.ref008]\] might be influencing carnivore plant-eating behaviour. To truly understand their ecology, we should pay attention not only to the prey animals but also to the plant species present in the scat of strict carnivores.

Supporting information {#sec010}
======================

###### Dataset of scat samples.

(XLSX)

###### 

Click here for additional data file.

###### Fig and Table A.

This file includes scatter plot of hair and three variables (s-plant, b-plant, a-plant) and results of the GLM.

(DOCX)

###### 

Click here for additional data file.

###### Results of Bayesian estimation for GLM.

(XLSX)

###### 

Click here for additional data file.

###### Results of Bayesian estimation for GLMM.

(XLSX)

###### 

Click here for additional data file.
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2\. Thank you for including your ethics statement:

\"All management for the snow leopards were in accordance with the Code of Ethics of the Japanese Association of Zoos and Aquariums, and the management guideline for the snow leopards by each institution. All sampling procedure was noninvasive for animals and approved by each institution This study was conducted in compliance with the Guidelines of ethics for animal studies established by Wildlife Research Center of Kyoto University.This study complied with applicable national laws.\"

a\. Please amend your current ethics statement to include the full name of the ethics committee that approved your specific study.

b\. Once you have amended this/these statement(s) in the Methods section of the manuscript, please add the same text to the "Ethics Statement" field of the submission form (via "Edit Submission").

For additional information about PLOS ONE submissions requirements for ethics oversight of animal work, please refer to <http://journals.plos.org/plosone/s/submission-guidelines#loc-animal-research>  

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: After reviewing your article, \"The relationship between plant-eating and hair evacuation in snow leopards (Panthera uncia),\" I have formulated the following comments and suggested modifications to the manuscript.

Major revisions:

1\) Figure legends appear to be absent and would be very much welcome to help explain the data.

2\) The way the data are represented in Figure 2 is a bit confusing; is there a clearer way to graph the relationship (or lack thereof) between the masses of hair and plant material?

3\) A lack of correlation between plant eating and hair evacuation is fairly clearly shown, but is this a causative relationship? Please clarify whether, in this case, a lack of correlation implies a lack of causation.

Minor revisions:

1\) Further proof-reading and perhaps securing the aid of a copy editor with experience editing English-language manuscripts would benefit this article.

Reviewer \#2: Editorial Committee PLOS ONE

Thank you for considering my name for the revision of the manuscript: The relationship between plant-eating and hair evacuation in snow leopards (Panthera uncia) by Hiroto Yoshimura et al.

First at all I would like to congratulate the authors for this very valuable study on snow leopards feeding behavior, that will definitely add important elements to the understanding of the species ecology and provides management elements for both in situ and ex situ conservation scenarios.

In this paper the authors analyzed plant material and hair amount in scat samples of 13 (11) snow leopards (7 females, 6 males) kept in zoos in Japan, in order to test if plant consumption facilitates or it is associated with i) vomiting and ii) hair evacuation. The authors used a GLM to analyze their data and concluded that although plant consumption is common among snow leopards, there is no relationship between the ingestion of plant material and vomiting for hair evacuation. The manuscript is professionally written, and information is presented in a highly organized manner.

Due to the importance of the species as an icon of conservation and its condition as an endangered species, I recommend considering this research for editorial space in the journal.

However, several aspects need to be addressed by the authors prior publication. My major concerns are referred to the introductory and discussion sections. A greater effort needs to be made on contextualizing:

1\) The threaten category of the species. I could not find a single comment on major threats facing by the species in the wild not even the UICN category was cited in the text. The authors, major players on in situ conservation efforts, should include in an explicit way, recommendations that contribute to the management of the species in captivity derived from the results of the present study. This also works for ex situ conservation efforts. The discussion section would be enriched by a comment of the authors on the applicability of results of this research in wildlife management.

2\) On the same line of ideas, it would be great for the authors to share their appreciation on the importance of conducting research taking advantage of captive animals at zoos.

Although the authors make a great effort in providing information on the existing hypotheses on carnivore plant consumption, little information is provided on what kind of determinants are potentially related with plant consumption by snow leopards in their natural environments.

I fully understand that, as in many other wild felid species, the collection of information on diet for Panthera uncia is difficult in the wild. I highly recommend the authors to include some information on the general climate determinants across snow leopards´ distribution, to account for both plant phenology and animal prey availability throughout the year. It would also be important to know: i) if plants found in snow leopards scats are common or not in the wild; ii) if they coexist with animal preys used by the cats, or if the cats must move to other areas to get them; and finally, iii) what we know about the pattern of spatial distribution of these plants (aggregated, scattered, other), including a brief description on their elevational limits. These comments are relevant since Wegge et al. (2012) reported the presence of only plants in scats of snow leopards; work cited by the authors.

Wegge P, Shrestha R, Flagstad O. Snow leopard Panther uncia predation on livestock and 359 wild prey in a mountain valley in Northern Nepal: implications for conservation management. 360 Wildlife Biol. 2012;18(2):131--41.

Besides these general aspects, it would be highly appreciated if the authors will address this punctual aspects:

• Since there are several and quite different evolutionary paths among felids, the lack of sugar testing in domestic cats is an ambiguous indication on the lack of importance of plants as a nutritious resource for felids. Independently of tasting sugar, plant resources could be selected for their use based on another type of clues such as olfactory clues.

• Line 97: replace the word calve, by cubs.

• Line 334, capital letter for the name of the genus in Panthera unica.

• AGE OF THE ANIMALS: There is not information on animals age, if it is not possible to determining age, please explain why it was not taking into account?

• EXCLUSION OF WOOD MATTER: The explanation on why wood was not included as plant material can be enriched, particularly if one of the hypothesis mentioned in the introductory section claims physical properties of fibers from plants help the elimination of hair material through the digestive tract.

• Eliminate the word "of", and the plural in the word amount, on line 210: The scatter plot shows the relationship between of the amount of hair and plant included in scat...

• Authors mention: This indicates that plant-eating behavior is common in captive snow leopards and appears even if they are not starving... First, I consider that the relationship established is not causal, lines 250.251. Based on the text, none of the animals were observed under starving conditions

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: HUGO MANTILLA-MELUK PHD

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Submitted filename: REVIEW_SNOW_LEOPARDS_HMM_RESPONSE.pdf

###### 

Click here for additional data file.
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Author response to Decision Letter 0

9 Jul 2020

Reply to Associate Editor: Dr. Bi-song Yue

Thank you for the helpful comments provided by you and your team. We have followed all the suggestions and modified the manuscript. We hope these changes are satisfactory and sufficient.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

Thank you for your comments. We checked our manuscript and added corresponding author's initials in parentheses after the email address on the title page (lines 21-22).

2\. Thank you for including your ethics statement:

\"All management for the snow leopards were in accordance with the Code of Ethics of the Japanese Association of Zoos and Aquariums, and the management guideline for the snow leopards by each institution. All sampling procedure was noninvasive for animals and approved by each institution This study was conducted in compliance with the Guidelines of ethics for animal studies established by Wildlife Research Center of Kyoto University.This study complied with applicable national laws.\"

a\. Please amend your current ethics statement to include the full name of the ethics committee that approved your specific study.

Thank you for pointing this out. We included the full name of the ethics committee; Animal Experimentation Committee of Wildlife Research Center of Kyoto University (line 91).

Reply to reviewers:

Thank you for your suggestions and comments.

Our responses to the comments are shown below. In the revised manuscript, all changes are highlighted in red.

Reviewer \#1: (anonymous)

Major revisions:

1\) Figure legends appear to be absent and would be very much welcome to help explain the data.

Thank you for pointing this out. We added the legend for Fig. 1 (lines 212-213).

2\) The way the data are represented in Figure 2 is a bit confusing; is there a clearer way to graph the relationship (or lack thereof) between the masses of hair and plant material?

Thank you for your suggestion. We modified Fig. 2 accordingly: showing data form each individual separately. The difference in sampling period for each individual is shown using different colors (white, black, or gray).

3\) A lack of correlation between plant eating and hair evacuation is fairly clearly shown, but is this a causative relationship? Please clarify whether, in this case, a lack of correlation implies a lack of causation.

Thank you for pointing out this concern. Our results cannot rule out a causative relationship between the amount of plant in scat and hair evacuation. To establish this, we would require within-individual comparisons (e.g., with plants and without plants under the same captive conditions), which were difficult to procure, as we would need to remove all plants from the leopards' enclosure to effectively ensure no plant eating.

To this effect, we have included the following sentence on lines 289-291.

"Although we cannot rule out a causative relationship between the amount of plant in scat and hair evacuation, this study was the first to provide evidence that plant matter in scat had no quantitative effect on hair evacuation."

Minor revisions:

1\) Further proof-reading and perhaps securing the aid of a copy editor with experience editing English-language manuscripts would benefit this article.

Thank you for your suggestion. We added references 13, 14, 18, 20, 21, 22, 38, and 43 to the reference list. We also asked an experienced English-language editor to review our draft.

Reviewer \#2: (Dr. Hugo Mantilla-Meluk)

First at all I would like to congratulate the authors for this very valuable study on snow leopards feeding behavior, that will definitely add important elements to the understanding of the species ecology and provides management elements for both in situ and ex situ conservation scenarios.

In this paper the authors analyzed plant material and hair amount in scat samples of 13 (11) snow leopards (7 females, 6 males) kept in zoos in Japan, in order to test if plant consumption facilitates or it is associated with i) vomiting and ii) hair evacuation. The authors used a GLM to analyze their data and concluded that although plant consumption is common among snow leopards, there is no relationship between the ingestion of plant material and vomiting for hair evacuation. The manuscript is professionally written, and information is presented in a highly organized manner.

Due to the importance of the species as an icon of conservation and its condition as an endangered species, I recommend considering this research for editorial space in the journal.

However, several aspects need to be addressed by the authors prior publication. My major concerns are referred to the introductory and discussion sections. A greater effort needs to be made on contextualizing:

\(1\) The threaten category of the species. I could not find a single comment on major threats facing by the species in the wild not even the UICN category was cited in the text. The authors, major players on in situ conservation efforts, should include in an explicit way, recommendations that contribute to the management of the species in captivity derived from the results of the present study. This also works for ex situ conservation efforts. The discussion section would be enriched by a comment of the authors on the applicability of results of this research in wildlife management.

Thank you for your suggestion. We have added information on their conservation status in lines 67-69. We have also added certain discussion points about the contribution to management and enrichment in captivity in lines 255-259. Our results indicate plant-eating is normal behavior for snow leopards, hence growing plants in the enclosure will bring out their natural behaviour.

\(2\) On the same line of ideas, it would be great for the authors to share their appreciation on the importance of conducting research taking advantage of captive animals at zoos.

Thank you for your suggestion about the importance of conducting research in captivity. We have included this in the discussion in lines 264-269, as shown below.

"In the wild, snow leopards move daily across long distances \[21\] (e.g., 12 km/day in Mongolia \[38\]). Their broad home range and rugged habitat make it difficult to observe their natural behavior and hinder our ability to consistently collect scat samples from the same individual. Studies on captive individuals have enabled more detailed observations of this plant-eating behavior, allowing continuous sampling to test this relationship with a time difference. This study further demonstrates the importance of studying captive individuals to understand wildlife."

Although the authors make a great effort in providing information on the existing hypotheses on carnivore plant consumption, little information is provided on what kind of determinants are potentially related with plant consumption by snow leopards in their natural environments.

Thank you for your suggestion. Unfortunately, to our knowledge, researchers are yet to investigate the driving factors of plant consumption in carnivores in natural environments. We have clarified this point and suggested this would be a suitable future area of research in lines 309-313 in the revised manuscript, as shown below:

"Another area of research that requires further investigation would be to identify the driving factors of carnivore plant consumption in the wild. Although carnivores are known to be indifferent to sugars, as demonstrated by a study on domestic cats that revealed a lack of sweet taste receptors \[42\], other flavors (e.g., bitter taste), olfactory clues \[43\], or plant texture \[8\] might be influencing carnivore plant-eating behaviour. "

I highly recommend the authors to include some information on the general climate determinants across snow leopards´ distribution, to account for both plant phenology and animal prey availability throughout the year.

Thank you for your suggestion. Snow leopards are widely distributed in 12 countries across Central Asia, making it difficult to uniformly describe the detailed characteristics of climatic variables such as temperature and precipitation. Instead, we added some information about their habitat and vegetation in lines 71-73, as shown below.

"Large portions of snow leopards' natural habitat are devoid of tree cover, given the predominance of alpine and desertic climate conditions in their natural range. The vegetation in their range varies from scrubland and desert to forest-alpine ecotones".

It would also be important to know:

i\) if plants found in snow leopards scats are common or not in the wild;

Thank you for your suggestion. It is considered to be common in the wild. We have provided a reference to this effect from Wegge et al. (2012) in lines 75-77.

ii\) if they coexist with animal preys used by the cats, or if the cats must move to other areas to get them;

Thank you for your suggestion. We have added information on typical prey items and their respective range in lines 69-71.

and finally, iii) what we know about the pattern of spatial distribution of these plants (aggregated, scattered, other), including a brief description on their elevational limits. These comments are relevant since Wegge et al. (2012) reported the presence of only plants in scats of snow leopards; work cited by the authors.

Wegge P, Shrestha R, Flagstad O. Snow leopard Panther uncia predation on livestock and 359 wild prey in a mountain valley in Northern Nepal: implications for conservation management. 360 Wildlife Biol. 2012;18(2):131--41.

Thank you for your recommendation. Snow leopards are widely distributed through a broad range in Central Asia, across which vegetation survey data are scarce. This lack of data across a geographically and physically varied region makes it difficult to provide specific altitudinal limits for plants. Thus, we added general information about snow leopards' typical habitat and vegetation in lines 71-73.

Besides these general aspects, it would be highly appreciated if the authors will address this punctual aspects:

Since there are several and quite different evolutionary paths among felids, the lack of sugar testing in domestic cats is an ambiguous indication on the lack of importance of plants as a nutritious resource for felids. Independently of tasting sugar, plant resources could be selected for their use based on another type of clues such as olfactory clues.

Thank you for your suggestion. We have deleted the sentence on taste receptors and added the fact that felids are known to frequently eat grass and leaves, which should be less nutritional than fruits, in lines 57-58.

• Line 97: replace the word calve, by cubs.

Thank you for pointing out. We changed the word to "cubs" (line 99).

• Line 334, capital letter for the name of the genus in Panthera unica.

Thank you for pointing out this mistake. We changed it to a capital letter (line 386).

• AGE OF THE ANIMALS: There is not information on animals age, if it is not possible to determining age, please explain why it was not taking into account?

Thank you for your question. We provided data about the animals' age in our supporting information, as a table in our original submission. We moved this table into the main body of the manuscript, it is now Table 1 in the revised manuscript.

• EXCLUSION OF WOOD MATTER: The explanation on why wood was not included as plant material can be enriched, particularly if one of the hypothesis mentioned in the introductory section claims physical properties of fibers from plants help the elimination of hair material through the digestive tract.

Thank you for your suggestion. We first removed wooden chips because they were not from the plants growing in the enclosure, but as you mentioned, wooden chips may work too. We, therefore, corrected the original sentence (lines 129-130, line 150) and re-analyzed the data with wood matter included. Biting wooden structures was additionally counted as "plant eat" in Table 2. As for scat samples, four samples from Male 6 contained wooden matter, so this individual was included in the analysis (lines 207-208, line 228). Samples from Female 7 did not contain any plant matter, thus were excluded from further analysis (lines 226-227). Despite these new results, our overall conclusions remain the same. Changed values are shown in Table 2, 3 and 4.

• Eliminate the word "of", and the plural in the word amount, on line 210: The scatter plot shows the relationship between of the amount of hair and plant included in scat...

Thank you for pointing this out. We deleted the word "of" (line 223).

• Authors mention: This indicates that plant-eating behavior is common in captive snow leopards and appears even if they are not starving... First, I consider that the relationship established is not causal, lines 250.251. Based on the text, none of the animals were observed under starving conditions

Thank you for your comment. The discussion was related to a previous study discussing prolonged starvation as the driver for plant-eating in leopards (Panthera pardus). We have changed the order of sentences in lines 270-274 to clarify this connection.
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The relationship between plant-eating and hair evacuation in snow leopards (Panthera uncia)

PONE-D-20-08496R1

Dear Dr. Yoshimura,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Bi-Song Yue, Ph.D

Academic Editor
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PONE-D-20-08496R1

The relationship between plant-eating and hair evacuation in snow leopards (Panthera uncia)

Dear Dr. Yoshimura:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Bi-Song Yue

Academic Editor

PLOS ONE
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